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ABSTRACT
Background The most direct way in which climate change is expected to affect public health relates to changes in mortality rates associated with exposure to ambient temperature. Many countries worldwide experience annual heat-related and cold-related deaths associated with current weather patterns. Future changes in climate may alter such risks. Estimates of the likely future health impacts of such changes are needed to inform public health policy on climate change in the UK and elsewhere. Methods Time-series regression analysis was used to characterise current temperature-mortality relationships by region and age group. These were then applied to the local climate and population projections to estimate temperature-related deaths for the UK by the 2020s, 2050s and 2080s. Greater variability in future temperatures as well as changes in mean levels was modelled.
Results A significantly raised risk of heat-related and cold-related mortality was observed in all regions. The elderly were most at risk. In the absence of any adaptation of the population, heat-related deaths would be expected to rise by around 257% by the 2050s from a current annual baseline of around 2000 deaths, and cold-related mortality would decline by 2% from a baseline of around 41 000 deaths. The cold burden remained higher than the heat burden in all periods. The increased number of future temperature-related deaths was partly driven by projected population growth and ageing. Conclusions Health protection from hot weather will become increasingly necessary, and measures to reduce cold impacts will also remain important in the UK. The demographic changes expected this century mean that the health protection of the elderly will be vital.
The most direct way in which climate change is expected to affect public health relates to changes in mortality rates associated with exposure to ambient temperature. Epidemiological studies show that many countries worldwide already experience appreciable annual burdens of heat-related and cold-related deaths from current weather patterns. 1 In general, the risk of heat-related death in a population increases progressively once temperatures rise above specific threshold levels, and similarly the risk of cold-related death increases once temperatures drop below cold thresholds. Both the heat/cold thresholds and the strength of the relationships vary considerably between countries due to differing climatic, demographic and socioeconomic profiles. In high-income settings, few of these deaths arise due to hypothermia or hyperthermia, with the majority occurring from cardiovascular and respiratory causes. 2 In the UK, thousands of preventable deaths occur annually from cold weather, 3 and a smaller burden is also associated with hot weather, especially during extreme events such as the 2003 heatwave when approximately 2000 excess deaths occurred in England and Wales. 4 Future changes in the climate system will quite likely alter such risks, both as a result of changes in mean temperature as well as increased variability. 5 6 Consequently in the UK, the numbers of heat-related deaths are expected to increase in future due to warmer summers, and cold-related deaths may decrease due to milder winters, although the details remain unclear. Furthermore, owing to the concentration of risk among elderly people, both heat-related and cold-related health burdens in future may be amplified by population ageing.
Estimates of the likely future health impacts of such changes are needed to inform public health policy on climate change in the UK and elsewhere. This paper, based on a recent UK assessment of how climate change impacts on health via multiple pathways, 7 details the most direct effects of temperature exposure. It models mortality relationships with current patterns of weather variability by region and age group, and applies this information to climate and population projections to estimate temperature-related health burdens for the UK during the 2020s, 2050s and 2080s.
METHODS
Estimation of future deaths associated with climate change consisted of two stages: (1) epidemiological analysis of historic weather and mortality data to characterise associations with current climate patterns; (2) risk assessment, whereby the temperature-mortality relationships from stage (1) were applied to projections of future climate, taking into account future population trends.
Epidemiological analysis Historic mortality data
All deaths in England and Wales during 1993-2006 were obtained from the Office for National Statistics (http://www.ons.gov.uk) and aggregated to create a time-series of the daily number of deaths. As weather can contribute to mortality from many causes, series for all-cause mortality (including external causes) were created. This was carried out by age group (0-4 , 5-64, 65-74, 75-84, 85+ years) and by the 10 government regions of England and Wales. Mortality data for Scotland and Northern Ireland are obtained from different sources and were not available for stage (1) .
Historic weather data
Outdoor measurements of temperature and relative humidity were obtained from the British Atmospheric Data Centre (BADC; http://badc.nerc.ac.uk) using the UK Meteorological Office MIDAS Land Surface Stations data. Daily mean temperature and relative humidity series representative of each region were created. Only stations reporting on at least 75% of days during 1993-2006 were used, resulting in an average of 29 stations per region (minimum 7, maximum 44). Within regions, temperature series were highly correlated (mean r=0.96, range 0.95-0.99) and station means varied little (mean SD=0.9°C, range 0.4-1.01). Details of the averaging process and handling of missing data are published elsewhere. 8 The study period included the hot summers of 1995, 2003 and 2006.
Statistical model
Time-series regression analysis was used to assess acute relationships between temperature fluctuations and daily deaths, assuming Poisson variation with scale overdispersion. Heat effects were assessed using models restricted to the summer months ( June-September). Slow-changing seasonal patterns in the mortality series (unrelated to temperature) were controlled for using natural cubic splines (NCS) of time with 4 degrees of freedom per summer. Trends in mortality were modelled using linear and quadratic terms for time. NCS were also used to adjust for relative humidity, and indicator terms were used to model day-of-week effects.
For cold assessment, all-year models were adopted as cold effects may not be restricted to the winter season. Confounder control was the same as the heat models, but with additional seasonal control and inclusion of daily counts of influenza deaths.
Adjustment for air pollution exposure was not possible due to large variations in concentrations within a region. However, sensitivity analysis was conducted in the London region, where it was possible to have a representative series for particulate matter of aerodynamic diameter <10 mm (PM 10 ) and ozone (O 3 ). Daily concentrations of both pollutants, based on current and previous day levels (lag 0-1 days), were therefore considered here.
Characterisation of temperature effects
Adjusted relationships with temperature were then assessed, first graphically using NCS of temperature to allow for assessment of the functional form of the relationship. This indicated a welldefined value of temperature (the heat threshold) above which risk of death increased in a linear fashion with high temperature, but with no increased risk in death below the threshold. Therefore, to quantify heat effects, a linear-threshold model was assumed. Heat effects occur mostly immediately, 2 and so were modelled using same day and previous day temperatures. In previous work from England and Wales, the heat threshold was identified by statistical model fit as occurring at the 93rd centile of the all-year maximum temperature distribution within each region. 8 As our analysis also assesses cold effects, we use mean temperature rather than maximum temperature, but assume the heat threshold at the same centile. For illustration, the 93rd centile for London corresponds to a daily mean temperature of 19.6°C, while for the North East region it is 16.6°C.
A cold threshold is not as well defined, indicating that an increased risk of cold-related death can occur throughout much of the year. To reflect this, a cold threshold was assumed at the 60th centile of the all-year temperature distribution. This threshold broadly corresponds to the highest temperature value in the four coldest months of the year (December-March), excluding outliers. The 60th centile for London is 13.2°C, and for the North East it is 10.9°C. As cold impacts can be delayed, they were modelled using temperatures lagged by up to 28 days. 9 In addition, in the summer months a separate indicator term to represent periods of exceptionally hot weather (heat-waves) was simultaneously modelled with the general heat effect to quantify any additional mortality risk due to the more extreme temperatures occurring during a heat-wave and also due to any cumulative effects of exposure over successive hot days. This is potentially important as more frequent, more intense and longer lasting heat-waves are expected to occur in future. 10 11 Assessing the impacts of such events is often based on identifying periods of high heat intensity and duration. 12 Therefore, a heat-wave was defined as a period when the mean temperature on the current day and at least the previous 2 days was above the 98th centile of the all-year temperature distribution. In contrast, there is little evidence that cold spells defined in a similar fashion have additional impacts. 13 In all models, general heat (or cold) effects are presented as the relative risk (RR) of death for every 1°C increase (decrease) in temperature above (below) the heat (cold) threshold. RR values greater than 1 represent an increased risk in mortality compared with the annual average. RRs are estimated separately by region, as well as a mean national RR from a meta-analysis, assuming a DerSimonian-Laird random effects model. 14 A subset of nine regional climate model variants corresponding to climate sensitivity in the range of 2.6-4.9°C was used. Temperature was calculated separately for each variant by taking the mean of the daily temperature for each grid square which fell within a particular regional boundary. This produced nine daily temperature time-series per region.
Risk assessment Projections of climate data

Projections of population data
Population data were extracted from the 2010-based principal projections for the UK. 15 They consist of annual projections from 2010 to 2036, and then to 2081 in five-yearly increments. Projections were aggregated by age group and for four decades (2000s, 2020s, 2050s and 2080s). If the relevant year was not available, population estimates were obtained through quadratic interpolation. Although the total projections for most regions are relatively smooth and show growth until the end of this century (total UK population is projected to increase from 60 million in mid-2000s to 89 million by mid-2080s), individual age groups can show non-linearity. Future mortality trends among the oldest age groups are estimated by calculating mortality improvements (by age and gender) in recent years and then extrapolated for the very oldest age groups due to sparseness of data and edge effects; in future, mortality rates among the oldest age groups will continue to fall. The expansion of the 85+ age group from around 2% of the total population in mid-2000s to 9% by the mid-2080s demonstrates the ageing of the UK population expected this century.
Estimation of future mortality burdens due to climate change Temperature-related mortality (M) was calculated for the last decade 2000-2009 (2000s) and future decades 2020s, 2050s and 2080s using regional daily mean temperatures above/below the regional thresholds (ΔT), RR, regional population data (P) and baseline all-cause mortality rates (BM). The following was assumed:
BM is calculated from daily mortality DM excluding deaths attributable to temperature (2) . DM was based on mortality rates corresponding to the 2002 estimates. The slope b is the exposure-risk relationship quantified in stage (1) (3).
The additional heat-wave component was calculated with the same method using the regional definitions and RRs. As exposure-risk relationships for Scotland and Northern Ireland were unavailable, regression coefficients from the adjacent regions of North East and North West, respectively, were used. The temperature-mortality risk function and baseline mortality rates were held constant over the decades considered. However, the baseline mortality rates are likely to change in future as a result of socioeconomic and other changes. The risk function may also change in future as the population may partially acclimatise and adapt to higher temperatures. 16 17 Our interest was in estimating the contribution of climate change on future mortality burdens, that is, in the absence of other changes, and so these possible future changes are not considered further here.
The projected annual temperature-related mortality was calculated using each of the nine regional climate model variants and then aggregated by region. The spread of the model results reflects the uncertainty in climate model physics, which is thought to be larger than the uncertainty associated with different emission scenarios. Finally, the mean, minimum and maximum mortality estimates from the nine model realisations were extracted for each region and for the UK as a whole. Figure 1 shows the RR in all-cause mortality per 1°C change in current daily mean temperature. In every region, there was a raised risk in mortality associated with heat and cold exposure (RR>1), which was statistically significant. At the national level, there was a 2.1% (95% CI 1.5 to 2.7) increase in mortality for every 1°C rise in temperature above the heat threshold and a 2% (95% CI 1.8 to 2.2) increase in mortality per 1°C drop in temperature below the cold threshold. Although heat and cold risks were similar, there were many more days below the cold threshold than above the heat threshold, leading to a larger number of deaths attributable to cold weather.
RESULTS
Epidemiological analysis
London and East Midlands were the regions most vulnerable to heat, and the greatest cold risk was in London, the South West and Wales. In London, control for PM 10 and O 3 changed the heat RR from 1.039 (95% CI 1.033 to 1.044) to 1.034 (1.028 to 1.040) and the cold results were left unchanged.
Results by age group (not displayed) showed significantly raised heat and cold risks in all groups, except that there was no heat effect apparent among 0-4 year olds. In general, heat and cold risks increased with successive age groups, with the greatest risks by far occurring in those 85+ years. Owing to imprecise estimates among the 0-4 year group, this group was combined with the 5-64 year group for the subsequent risk assessment. Figure 2 shows the number of days in the UK in the 2020s, 2050s and 2080s that are projected to be above and below the current heat and cold threshold values, expressed as the percentage change in hot and cold days compared with the baseline period (2000s). The frequency of hot days is projected to rise steeply, with over a threefold increase by the 2080s. The number of cold days will decline at a less dramatic pace.
Risk assessment
The estimated temperature-related deaths per year in the UK (taking the actual or projected population levels into account) during the 2000s, 2020s, 2050s and 2080s are shown in figure 3 . Although the decade 2000s spans a similar time period to the historic data used in the epidemiological assessment (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , the estimates here are based on the projected climate data to allow comparison with the future decades. The mean estimate of heat-related mortality increases by approximately 66%, 257% and 535% in the 2020s, 2050s and 2080s, respectively, from a current baseline of around 2000 deaths. The mean estimate of cold-related mortality will increase by approximately 3% in the 2020s, and then decreases by 2% in the 2050s and by 12% in the 2080s, from a baseline of around 41 000 deaths. The cold burden remains considerably higher than the heat burden in all periods. These predicted changes also reflect the increasing size of the population expected in most regions in this century. The population is projected to increase at a higher rate in the first three decades of this century compared with later decades. 15 This increase and the ageing effect offset the expected reduction in cold-related mortality associated with climate change in the 2020s. Had the size of the population been held constant, the nationwide heat-related mortality burden would increase by 46%, 169% and 329% in the 2020s, 2050s and 2080s, respectively, while cold-related mortality would decrease by 9%, 26% and 40% over the same decades. In absolute terms, this would mean a larger reduction in cold-related deaths compared with the increase in heat-related deaths (for constant population size and age structure).
The above results do not include the additional heat-wave effect, which was only significant in the London region. This effect represented a substantial additional burden of 58%, 64%, 70% and 78% on heat-related mortality in London during the 2000s, 2020s, 2050s and 2080s, respectively.
Annual temperature-related deaths by age group are shown in figure 4 . In this case, the results are normalised per 100 000 people in the population as the size of the age groups varied widely. The results provide a strong indication that the burden of heat and cold remains much higher in age groups 75-84 and in particular over 85+ years. Heat-related mortality in those over 65 years is expected to increase steeply in the second half of this century, while cold-related mortality will decrease at a lower rate. For each age group, again the net number of temperature-related deaths per 100 000 people declines in future decades due to the increased heat-related mortality rate being offset by a greater reduction in the cold-related mortality rate.
Current temperature-related mortality rates per 100 000 people varied across UK regions (table 1). The regions in the south and the midlands had the highest rates of heat-related deaths, ranging between 3.5 and 6.3 deaths/year/100 000 people in the 2000s. Wales, North West, East England and the southern regions had the highest cold-related mortality rates (between 68.8 and 83.9 deaths/year/100 000 people). The regional variations to heat and cold will broadly persist in future decades.
DISCUSSION
Summary of findings
This study provides quantitative estimates of future temperaturerelated mortality burdens associated with climate change in a typical high-income country-in this case, the UK. It reveals that, in the absence of adaptation of the population, heat-related deaths would be expected to rise by around 257% by mid- Figure 1 (A century compared with the beginning of the century, and cold-related deaths would decline by 2%, with regional variations. These estimates take into account changes in population size and composition that are likely in the UK in this century. Such factors are shown to be key drivers in the increased number of future heat-related deaths.
Comparison with previous work
The estimated reduction in cold risk is similar to that in a previous study which modelled a 2-3% reduction in wintertime deaths in England and Wales by 2050. 18 Our estimate of future heat burdens agrees with a previous similar assessment which showed a 250% increase in annual heat-related deaths by the 2050s under a medium-high climate change scenario. 19 However, the same work, which did not consider future demographic changes, observed a 25% reduction in cold-related deaths. Our work suggests that reductions in cold-related mortality are unlikely to be this large, partly due to future population ageing. Indeed, when demographic changes are not factored into our estimates, a 26% reduction in cold deaths was observed by the 2050s. Although other studies have estimated future heat burdens for London, [20] [21] [22] there are few other UK-wide assessments.
Studies from other high-income settings have reported increases in heat-deaths of 77% in Portugal by the 2020s, 23 70% in the US by the 2050s, 24 and 10% in Canada by the 2080s. 25 A review paper summarises published estimates of future heat deaths, although comparisons between studies are difficult due to variations in the use of emission scenarios, climate models, future adaptation and demographic assumptions and modelling choices in epidemiological assessment. 26 
Strengths and limitations
Unlike most previous studies, we modelled greater variance in future temperatures as well as changes to mean levels. This was achieved by using a daily series of temperature projections and modelling separate impacts of heat-waves, but such an additional effect was only noteworthy in one region-London-where heatwaves made a substantial contribution to the overall heat burden. However, as the general heat effects were modelled using a lag of 0-1 days, any additional effect of the longer duration heat-wave term may also reflect general heat effects delayed by more than 1 day, rather than a true additional effect of sustained high temperatures. Hot and cold weather can also impact adversely on morbidity outcomes, but not as consistently as with mortality. Our study assessed the effects of climate change in the absence of adaptation. Although variations in temperature-risk between countries indicate that populations can adapt to their local climate conditions, the rate at which future temperatures are expected to rise and the increased variability will be unprecedented since agricultural times, making it unlikely that future societal adaptation to hot weather will be as achievable as in the past. Over time, there may be some degree of population adaptation in terms of physiology, behavioural changes and technological measures such as increased use of air-conditioning.
The adequacy with which the potential contribution of future acclimatisation and adaptation can be modelled into estimates of future impacts is unclear, and various approaches to model heat adaptation have been proposed. 16 28 One study of US cities reported that an assumption of future adaptation, based on using analogue cities, reduced temperature-related deaths by 20-25% compared with no future adaptation. 29 Previous trends in reduced cold-related risk due to improvements in healthcare, housing and other factors are also likely to continue. 30 31 There is some uncertainty in future emission trajectories relating to the choice of climate emission scenarios. We used modelled temperature based on the A1B scenario, which is consistent with observations that current growth in emissions is tracking close to the mid-range of this scenario. 32 Another important issue is that although our study presents the mean, minimum and maximum estimates of future deaths in order to represent the uncertainty associated with regional climate modelling, a full uncertainty analysis has not been undertaken.
Implications for public health
Our results indicate that health protection from hot weather will become increasingly necessary this century, and measures to reduce cold impacts will also remain important. Air-conditioning is likely to become more widely used in the UK, which will reduce heat vulnerability. However, the distribution of cooling systems may reflect socioeconomic inequalities unless they are heavily subsidised, and rising fuel costs may exacerbate this. The prevalence of air-conditioning among poor black households in four US cities was less than half that in white households, resulting in greater heat vulnerability. 33 Also, increased reliance on active cooling systems in houses, hospitals and care homes could exacerbate energy consumption, climate change and the urban heat island effect. 34 Furthermore, power outages during hot weather may heighten vulnerability among people habituated to air-conditioned environments. Deaths from accidental and non-accidental causes increased during a power outage in New York. 35 Passive cooling options (eg, building orientation, shading, thermal insulation, choice of construction materials) implemented at the design stage of urban developments may be equally effective in reducing heat stress, and would be more environmentally sustainable.
As the contribution of population growth and ageing on future temperature-related health burdens will be large, the health protection of the elderly will be important. Reductions in heat and cold tolerance among the elderly can be caused by chronic health conditions and poor aerobic tolerance, rather than by increased age per se. Better general health and wellbeing of elderly individuals may help to alleviate some of the large burdens expected. However, the future pace of ageing may have hitherto unrecognised consequences for healthcare. 36 Changes in household size and living patterns may also be important modifiers of future risk among the elderly-many who died during the Paris 2003 heat-wave were living on their own and had limited social contact. 37 Health protection measures to combat heat risk in Philadelphia, USA, include a community-based buddy system whereby vulnerable individuals are checked on by neighbours during hot weather. 38 In England, the Department of Health now has heat-wave and cold weather protection plans (https://www.gov.uk/ government/uploads/system/uploads/attachment_data/file/201039/ Heatwave-Main_Plan-2013.pdf and https://www.gov.uk/ government/uploads/system/uploads/attachment_data/file/252838/ Cold_Weather_Plan_2013_final.pdf). These aim to minimise the dangers of adverse weather conditions, including advice for the public and organisations on the protection of vulnerable people. Similar plans are in operation in other parts of the world, 39 40 although there is still little quantitative evidence on their efficacy.
CONCLUSIONS
The UK experiences a substantial annual mortality burden associated with current weather patterns, with the fraction of deaths attributable to cold exposure currently being much larger than that due to heat. The elderly are most at risk. Certain UK regions also appear more vulnerable, which may reflect differences in demographic, health and built-environment characteristics. Future changes in climate are likely to lead not only to an increase in heat-related deaths in the UK, but also to a proportionally smaller decrease in cold-related deaths. The changing size and age structure of the population will contribute greatly to future burdens. Further work should focus on the modelling of spontaneous and planned adaptation to rising temperatures.
What is already known on this subject ▸ Many countries worldwide experience appreciable burdens of heat-related and cold-related deaths associated with current weather patterns. ▸ Climate change will quite likely alter such risks, but details as to how remain unclear.
What this study adds ▸ Without adaptation, heat-related deaths would be expected to rise by around 257% by the 2050s from a current annual baseline of around 2000 deaths, and cold-related mortality would decline by 2% from a baseline of around 41 000 deaths. ▸ The increase in future temperature-related deaths is partly driven by expected population growth and ageing. ▸ The health protection of the elderly will be vital in determining future temperature-related health burdens.
